Abstract: Background: Chronic right ventricular apical (RVA) pacing has been associated with increased risk of heart failure and adverse outcome. The acute effects of RVA pacing on three-dimensional (3D) ventricular function and mechanical dyssynchrony are not well known. We performed a real-time 3D echocardiographic (RT3DE) study to assess global and regional left ventricular function during RVA pacing. Methods: Twenty-six patients with implanted cardiac devices and normal intrinsic atrioventricular conduction were included in the study. RT3DE was performed during intrinsic sinus rhythm and during RVA pacing. Quantification of global and regional left ventricular function was performed offline by timevolume analysis of 16 myocardial segments. Time to reach minimum regional volume was calculated for each segment as a percentage of the cardiac cycle. The systolic dyssynchrony index (SDI) was defined as the standard deviation of these time periods. Longitudinal function was assessed by time-volume analysis of apical, midventricular, and basal segments. Results: During RVA pacing, a reversed apical-to-basal longitudinal contraction sequence was observed in 58% of all patients. RVA pacing was associated with increased left ventricular (LV) dyssynchrony (SDI increase from 4.4 ± 2.2% to 6.3 ± 2.4%, P = 0.001) and reduced LV ejection fraction (decrease from 53 ± 13% to 47 ± 14%, P = 0.05). Conclusion: RT3DE assessment of LV function provides evidence that pacing from the RVA results in acute alterations in LV contraction sequence and increased LV dyssynchrony. Further studies are warranted to assess the potential of RT3DE to identify patients who might be at increased risk of pacing-induced heart failure or who might benefit from alternate-site or multisite pacing. (PACE 2011; 76-81). 
and regional left ventricular function during RVA pacing.
Methods: 26 patients with implanted cardiac devices and normal intrinsic atrioventricular conduction were included in the study. RT3DE was performed during intrinsic sinus rhythm and during RVA pacing. Quantification of global and regional left ventricular function was performed offline by time-volume analysis of 16 myocardial 10 segments. Time to reach minimum regional volume was calculated for each segment as a percentage of the cardiac cycle. The systolic dyssynchrony index (SDI) was defined as the standard deviation (SD) of these time periods. Longitudinal function was assessed by timevolume analysis of apical, mid-ventricular and basal segments.
Results: During RVA pacing, a reversed apical-to-basal longitudinal contraction 15 sequence was observed in 58% of all patients. RVA pacing was associated with increased LV dyssynchrony (SDI increase from 4.4 ± 2.2 % to 6.3 ± 2.4 %, P=0.001) and reduced left ventricular ejection fraction (decrease from 53 ± 13 % to 47 ± 14 %, P=0.05).
Conclusion: RT3DE assessment of left ventricular function provides evidence that
pacing from the RVA results in acute alterations in LV contraction sequence and increased 20 LV dyssynchrony. Further studies are warranted to assess the potential of RT3DE to identify patients who might be at increased risk of pacing-induced heart failure or who might benefit from alternate-site or multisite pacing.
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Background
Chronic right ventricular apical (RVA) pacing has been associated with increased risk of heart failure and adverse outcome. 1 Nonphysiological ventricular activation induced by RVA pacing can result in abnormalities in left ventricular (LV) function. Altered LV contraction resulting in interventricular and intraventricular dyssynchrony may result in 5 chronic LV remodelling 2 mitral regurgitation, 3 increased left atrial diameter 4 and reduced ejection fraction 5, 6 .
Echocardiographic analysis of RVA pacing reveals impaired global and regional wall motion abnormalities as assessed by wall motion score, electromechanical delay and regional strain. 7 However, few data exist on the acute effects of RVA pacing on three-dimensional 10 ventricular function and mechanical dyssynchrony. 8 Real time three-dimensional echocardiography (RT3DE) allows functional assessment of global and segmental LV function. 9 The aim of this study was to characterize acute effects of RVA pacing by RT3DE assessment of global and segmental systolic function.
Methods
15
Patient characteristics
Consecutive patients with a cardiac pacemaker or an implantable cardioverter defibrillator (ICD) and preserved intrinsic atrioventricular (AV) conduction were enrolled in this study. All patients were scheduled for regular device follow-up in the institutional outpatient clinic and gave consent to RT3DE. Patients with regional wall motion 20 abnormalities and pacemaker-dependent patients were excluded from this study. involves defining several 2D slices through the voxelbased 3D data set as described previously. 9 In each slice, the endocardial border is traced with a semiautomated detection process, and a "cast" of the left ventricular cavity is created as a mathematical model to To assess the longitudinal LV contraction sequence, LV function was analysed according to apical, midventricular and basal segments, respectively. Six basal subvolumes
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were combined for analysis of the basal segment, 6 midventricular subvolumes and 4 apical subvolumes for analysis of the midventricular and apical segments, respectively.
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Statistical Analysis
Continuous variables are expressed as mean ± SD. Nominal variables are expressed as numbers or percentages. Continuous variables were assessed with paired or independentsamples t-test and one-way ANOVA as appropriate. Nominal variables were compared by use of the chi-square test. A P value ≤ 0.05 was considered statistically significant. 15 The study was conducted according to the regulations set forth by the regional ethics committee. All patients provided written and oral informed consent.
Results
Patient characteristics
The study population consisted of 26 patients (81% male, mean age 58 ± 16 years) 20 without clinical evidence of congestive heart failure. Thirteen (50%) patients had been implanted with an ICD and 13 with a pacemaker. Eight patients with an ICD had coronary artery disease, two had dilated cardiomyopathy, one had long-QT syndrome, one had isolated left ventricular non-compaction and one had idiopathic VT. Among pacemaker patients, two had been operated for aortic valve disease, one for mitral valve disease, and one had undergone coronary bypass surgery. Indication for pacemaker implantation was symptomatic AV block in 8 (62%) patients, sick sinus syndrome in two (15%), syncope in two patients, 5 and symptomatic bradycardia in one (8%) patient. Indication for ICD implantation was survived cardiac arrest in 3 (23%) patients, documented symptomatic ventricular tachycardia in 8 (61%), and syncope in 2 (15%) patients.
At the time of device implantation, mean left ventricular ejection fraction, as assessed by 2D echocardiography, was 52 ± 14 among ICD patients and 63 ± 14 among pacemaker 10 recipients. Since the date of device implantation, LVEF had decreased by 10% or more in three patients with a dual-chamber ICD, in two patients with a single-chamber ICD, and in one patient with a dual-chamber pacemaker. No patient had significant regional wall motion abnormalities during intrinsic rhythm. Single-chamber devices were used in 8 (31%) patients, and dual-chamber devices were used in 18 (69%) patients. The mean time after first 15 implantation of a device was 6.0 ± 6 years. Four patients had undergone generator replacement due to battery depletion. In all patients devices had been programmed to allow for a minimum rate of RVA pacing. During the 12 months prior to enrolment in the study, the percentage of time that RVA pacing occurred was 10 ± 7%.
Real-time three-dimensional echocardiography
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Full-volume RT3DE datasets could be successfully recorded and analyzed offline in all patients. Acquisition of echocardiographic data sets was completed within 19 ± 5 minutes.
Offline analysis time was 27 ± 7 minutes. A total of 201 data sets were analyzed. Of those, position at the RVA may play a role, as well as patient-specific factors influencing myocardial geometry and/or contractility. 15 Various attempts have been made to improve cardiac function by pacing from the high RV septum or RVOT. 10, 11 Some studies have demonstrated a reduction in unfavorable cardiac remodeling 12 and a reduced incidence in myocardial perfusion defects 11 with RVOT pacing.
However, epicardial alternate-site and multisite pacing did not improve cardiac output in patients undergoing cardiac surgery. 13 In a recent electrophysiological study, acute His bundle 20 pacing did not improve LV function compared with alternate site pacing, 14 and no beneficial effect of outflow tract pacing could be observed in a long-term prospective crossover comparison. 10 Conversely, in patients with bradycardia and normal ventricular ejection fraction, biventricular pacing was able to prevent pacing-induced ventricular remodeling. 6 Myocardial architecture and helical fibre orientation are important determinants of LV function during ventricular pacing. Optimal cardiac contraction is associated with a twisting movement with sequential timing and vigour of contraction. Organized action starts with shortening of the descending segment of the apical loop of the helical heart, then proceeds to the posterior segment and is finally followed by shortening of the ascending segment. 15 5 Univentricular stimulation initiates a premature impulse at the pacing site, and disrupts the orderly sequential progression of shortening along the helical heart spatial configuration. 15 Sonomicrometic studies in anaesthesized pigs have shown that LV dyssynchrony is due to disruption of the organized sequential movement of the successive components of the myocardial band, and results in loss of the normal clockwise twisting motion which is 10 observed during efficient ejection. 16 Similarly, MRI tagging studies in dogs have demonstrated alterations in LV torsion during RVA pacing. 17 Our study provides RT3DE
evidence of acute changes of the LV contraction sequence in humans, which suggests the presence of an altered pattern of LV torsion during RVA pacing.
Clinical implications and study limitations:
The sample size of our study was adequate 15 for detecting significant changes in LV function during RV pacing, but precluded detailed subgroup analysis. Inclusion of consecutive patients from a single center may have introduced selection bias and resulted in a rather inhomogeneous study group. Disease-related myocardial dysfunction and myocardial remodeling due to intermittent RV pacing may have influenced the study results. However, patients with regional left ventricular dysfunction were 20 not included in the study. Each patient served as his or her own control, and no patient showed a reversed longitudinal contraction-pattern during intrinsic rhythm. Although RT3DE was feasible in all study patients, it may not be 100% feasible in other patient groups, especially in obese patients. 3DE datasets were obtained from gated acquisition of four partial volumes, and temporal resolution of RT3DE was limited to a maximum of 20 Hertz. In 25 general, the temporal resolution of 3DE is a trade-off with the spatial resolution. To increase spatial and temporal resolution, parallel processing is used as well as ECG gated acquisition of partial volumes. The amount of data that can be divided between the temporal and spatial resolution depends on the maximum feasible breath hold and the number of comparable cardiac cycles recorded during it. 5 The impact of acute changes in LV contraction sequence on long-term cardiac function and remodeling was not investigated. In a recent prospective study comparing RVA pacing with biventricular pacing, ejection fraction declined almost 7 percent points in the first year of RVA pacing in patients with normal ejection fraction. Ninety-eight percent of the patients in whom ejection fraction decreased to less than 45 percent at 12 months were in the 10 RVA pacing group, suggesting that especially vulnerable patients might benefit most from biventricular pacing. 6 Further research is warranted to investigate whether RT3DE is useful to identify these vulnerable patients.
Conclusion
This study provides RT3DE evidence that pacing from the RVA results in acute 15 alterations in LV contraction sequence and in increased LV dyssynchrony. RT3DE is a valuable tool to assess acute pacing-induced changes in systolic LV function, including ejection fraction, SDI and longitudinal LV contraction sequence. Further studies are warranted to assess the potential of RT3DE to identify patients who are at increased risk of developing pacing-induced heart failure or who might benefit from alternate-site or multisite 20 pacing. 
